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Introduction
The increase in frequency and magnitude of macroalgal blooms in shallow coastal environments such as coastal lagoons and estuaries is considered a symptom of eutrophication (Morand and Briand, 1996; Valiela et al., 1997) . These blooms have deleterious effects for sediment benthic communities, from microbenthos to seagrass beds and macrofauna (Raffaelli et al., 1998; Sundbäck et al., 1990) . The remineralization of the bloom after its collapse frequently produces hypoxic or anoxic conditions, leading to the accumulation of sulphides, faunal mortality and a decrease of biodiversity (Viaroli et al., 2001) . Understanding each phase of macrolagal blooms and the relevant spatiotemporal scales at which they occur is of great importance for the implementation of remediation strategies against their deleterious effects. So far, scientific effort has mostly focused in the study of the ecophysiology of macroalgae and the relationship between the dynamics of the bloom and nutrient availability (Hernández et al., 1997; McGlathery et al., 1997; Valiela et al., 1997) . In contrast, information regarding biogeochemical consequences of macroalgae blooms in the sediment is still scarce.
The sediment surface in shallow coastal lagoons and estuaries is inhabited by a microbial community, whose photoautotrophic component (microphytobenthos, MPB) is highly productive, being a major determinant of the O 2 and nutrient budgets in the sediment (Risgaard-Petersen, 2003; Sundbäck and Miles, 2000) . During macroalgal blooms, the canopy inhibits MPB photosynthetic activity due to light attenuation (Corzo et al., 2009; Sundbäck et al., 1990) , shifting the metabolism of the microbial community to net heterotrophic (Corzo et al., 2009) . The inhibition of the MPB photosynthetic activity in the sediment might have a cascading effect on the sediment biogeochemistry, affecting key processes in the biogeochemical cycles of C and N in shallow coastal systems. Macroalgal blooms enrich the sediment in carbon and nitrogen (Corzo et al., 2009; Pihl et al., 1999) , primarily during the senescence and degradation phases of the bloom due to the input of detritus from decaying macroalgae (Corzo et al., 2009; García-Robledo et al., 2008) . In addition, macroalgal mats favour the development of anoxic conditions in the sediment (Corzo et al., 2009 ), which in turn increases sulphate reduction activity in the canopy of senescent macroalgal mat and the sediment underneath (Nedergaard et al., 2002) and denitrification and coupled nitrification-denitrification rates in the photic sediment (Sundbäck and Miles, 2002) . Nutrient fluxes at the sediment-water interface are also affected, mainly increasing efflux of inorganic nutrients to the water column (McGlathery et al., 2001) .
The causes triggering the initiation and collapse of macroalgal blooms remain unclear probably due to the fact that monitoring each phase of the bloom (growth, preservation and senescence) in field studies is difficult. In situ measurements have been made when the bloom has already been established and a mixed situation with alive and decomposing macroalgae is present (Corzo et al., 2009; Pihl et al., 1999) . The use experimental mesocosms reduces the complexity of the system and allows to focus on a specific physiological stage of the macroalgal bloom. However, very few studies have adopted this approach.
Of the different phases of the bloom, the impact of living macroalgal mats on microbenthos has received little attention and results have been contradictory (Sundbäck et al., 1996 (Sundbäck et al., , 1990 . Experimental studies in mesocosms of the senescence and degradation phases of green macroalgal blooms have shown the effects of the transference of detritus on microbenthic community and microbial processes (García-Robledo et al., 2008; Lomstein et al., 2006; Nedergaard et al., 2002) . In the present paper, we investigate the effect of live macroalgal mats on the microbenthic community, in order to clarify the differences found in previous studies with regards to net oxygen metabolism, microphytobenthic community, organic matter transference and nutrient dynamics in the sediment. For this purpose, one mesocosm was amended with tubular Ulva sp. and compared with a parallel mesocosm without algae. Their evolutions were followed for 3 weeks with a high time resolution in order to detect the quick modifications in microbenthic community.
Material and methods

Experimental setup
Intertidal sediment and macroalgae were collected from muddy tidal flats at ''Rio San Pedro'' saltmarshes (Cádiz Bay, Southern Spain). The upper 5 cm of sediment were sieved (1 mm mesh size) in order to remove macrofauna and shell fragments which could damage microsensors. Sieved sediment was added to two aquaria (46 Â 28 Â 20 cm) to get a sediment layer of 6-7 cm and filled with 12 L of seawater. A continuous seawater flow of 1.8 L h À1 was set up in each aquaria (hydraulic retention time = 8 h). Mesocosm were illuminated at 350 lmol photons m À2 s À1 at the water surface using 68 W fluorescent tubes (3 Grolux and 3 white lights) with a 12:12 h light:dark photoperiod. Aquaria were side-wrapped in black plastic to avoid light passing through the side of the aquaria. Mesocosms were incubated at 22 ± 2°C for 20 days before the initiation of the experiment to allow the development of a photosynthetic microbenthic community. Once the initial conditions were measured (t 0 ), 250 g DW m À2 of tubular Ulva spp. were added into one mesocosm. This biomass is the range of typical maximum biomass observed in the Cadiz Bay (Corzo et al., 2009) . The second mesocosm remained as Control without macroalgae addition. Additional samplings were done on days 1, 3, 6, 14 and 20 after macroalgal addition.
Inorganic nitrogen nutrients
in the sediment porewater were determined by randomly collecting 6 sediment cores (id = 1.2 cm) from each mesocosm. The cores were frozen immediately at À80°C and sliced in thin sections (ca. 1 mm) using a razor blade. Sections of equivalent depth were pooled and centrifuged at 2800g for 30 min to extract interstitial water. The freeze lysable inorganic nutrient contains both pore water nutrients and intracellular nutrients from the sediment microbial community (García-Robledo et al., 2010) . Nutrient concentrations were measured using a TRA-ACS-800 analyzer following standard protocols (Grasshoff et al., 1983) .
Profiles of NH 2 reduction rate, due to denitrification, anaerobic ammonium oxidation (Anammox) or nitrite ammonification (Meyer et al., 2005) .
Organic matter, C, and N content of sediment
Organic matter content was determined in the upper 1 cm of sediment cores (id = 1.6 cm, n = 2) as Loss On Ignition (LOI). From sediment dried samples, total amounts of carbon and nitrogen were analyzed in the upper 1 cm (n = 2) using a Leco CHNS 932 Ò -Analyzer. A duplicate of all samples were analysed with the same method after they have been burned at 550°C to measure inorganic carbon content. The organic fraction was determined as the difference between total and inorganic. (Revsbech, 1989) was calibrated by taking 100% saturation of O 2 in the air-bubbled bulk water phase of the Control mesocosm, while 0% saturation was achieved in the anoxic layer inside the sediment. Net primary production (Pn) and dark respiration (Rd) rates were calculated from the O 2 gradient at the diffusive boundary layer of the light and dark profiles, respectively.
Pigment analysis and taxonomic composition of microbenthos
Sediment cores (id = 1.2 cm, n = 2) were taken and frozen immediately at À80°C every sampling day. Chlorophyll a was extracted in 100% methanol from the upper 5 mm layer of cores and left overnight at 4°C in dark (Thompson et al., 1999) . Extracts were centrifuged at 4500 rpm for 10 min and measured using a spectrophotometer (Unicam UV/VIS UV2 Ò ). Chlorophyll a was estimated after Pierson et al. (1987) .
Sediment cores (id = 1.2 cm, n = 2) were randomly taken from the mesocosms, the upper 5 mm layer was cut, fixed with glutaraldehyde (2.25% in 5 lm filtered seawater) and stored in darkness.
Abundance of cyanobacteria and diatoms were determined by light microscopy in 50 ll of a diluted (50 times) and homogenised sediment suspension by counting a minimum number of 400 cells along random transects in the microscopic preparations. Taxonomic identifications of microalgae were done according to Bourrelly (1981) and Boone and Castenholz (2001) .
Statistical analysis
Differences over time, between mesocosms or both together for the measured variables were tested by one-way and two-way analysis of variance (ANOVA) followed by Tukey test post hoc analysis. Two means comparisons were done by the t-test method. Statistical analyses were performed using the software Statgraphics Plus 5.1.
The experiment presented here is an unreplicated experiment since only one microcosm was used for each treatment due to logistic limitations. Since it's an unreplicated experiment, inferential statistics cannot be applied to our data. It was not the aim of this study to make any kind of probabilistic inference from the results. Statistical methods were used here only to describe the differences between both microcosms and to estimate the spatial heterogeneity of the microbial and biogeochemical processes and their evolution with time within each microcosm.
Results
Changes in oxygen profiles and net metabolism
In light, O 2 concentration profiles showed a peak at 1 mm depth due to photosynthetic production, whereas in darkness O 2 was quickly consumed within the sediment (Fig. 1A) . The addition of macroalgae eliminated the O 2 production peak after one day, shifting the microbenthic metabolism to heterotrophic (Figs. 1B and C and 2A) . Macroalgae reduced significantly Pn rates from 3.3 ± 0.4 to values of À0.3 ± 0.1 mmol O 2 m À2 h À1 within 1 day, thereafter remaining constant with a mean of À0.8 ± 0.1 mmol O 2 m À2 h À1 (p < 0.05, t-test), whereas they remained always positive in the Control. After the addition of macroalgae, Rd rates decreased significantly from1.8 ± 0.3 to 0.3 ± 0.1 mmol O 2 m À2 h À1 after one day (p < 0.05, t-test). Rd rates did not change significantly during the course of the experiment in the Control mesocosm, however, Rd in the +Macroalgae mesocosms increased significantly toward the end of the experiment (p < 0.05, one-way ANOVA) (Fig. 2B) . Daily net primary production, calculated from Pn and Rd rates and the corresponding duration of the light and dark periods showed that both mesocosms were net autotrophic initially (about 17.9 mmol
). Addition of macroalgae shifted daily net primary production to negative values in the +Macrolgae treatment (Fig. 2C ).
Chlorophyll a and taxonomic composition of microphytobenthos
Chlorophyll a concentration in Control mesocosms did not change significantly during the experiment (39.8 ± 3.9 mg m À2 , p > 0.05, one-way ANOVA). However, Chl a below the macroalgae was significantly lower compared to Control after 14 days (p < 0.05, t-test) (Table 1) . Total abundance of diatoms and cyanobacteria remained close to 1 Â 10 6 cells cm À3 in the Control mesocosm during the whole experiment. However, the addition of macroalgae decreased total cell abundance with respect to t 0 (Table 1). In addition, diatoms and cyanobacteria were affected in different degrees by macroalgae. The diatoms: cyanobacteria ratio (D:C) was ca. 1.7 at t 0 in both mesocosms and remained higher than 1 in the Control (1.4 ± 0.1) during the entire experiment. On the other hand, the addition of macroalgae resulted in a significant decrease of D:C ratio (0.4 ± 0.0) (p < 0.01, t-test).
Effects on organic matter, C and N contents of sediment
Organic matter (OM) content of sediment did not change significantly neither with respect to the Control, nor with time after addition of macroalgae (data not shown). Organic carbon (C org ) and total nitrogen content of the sediment (N) decreased significantly after macroalgae addition when compared with the Control (p < 0.01, one-way ANOVA). C org :N ratio increased significantly in the +Macroalgae compared to the Control treatment (p < 0.01, one-way ANOVA) ( Table 2) .
Inorganic nitrogen nutrients
The concentration of freeze lysable NH þ 4 ; NO À 2 and NO À 3 contents of the sediment pore water was clearly different in both mesocosms (Fig. 3) . In the Control sediment, NH (Fig. 4A) .
Compared to the Control, macroalgae induced a significant transient increase in ammonification and anaerobic NO 
Discussion
Experimental limitations
The mesocosm set up cannot reproduce the complex interactions between the macroalgal canopy and microbenthos found in situ. Tidal movements and currents were not simulated, as the macroalgae were floating at a fixed position in a 12 cm water column over the sediment. The impact of macroalgae on the sediment biogeochemistry certainly differs when they lay directly on the sediment surface as a dense mat during emersion and when a large volume of water circulates inside and below the canopy during high tide. However, our experiment represents a situation where the floating macroalgae canopy remains relatively close to the sediment, frequently occurring in shallow tidal lagoons.
Macroalgal-induced change in microbenthic metabolism and community
The addition of macroalgae clearly inhibited the microphytobenthic photosynthetic activity ( Fig. 2 and 3) .The inhibition of photosynthesis at the sediment surface was probably due to shading by macroalgae as has been previously reported (Astill and Lavery, 2001; Sundbäck et al., 1996 Sundbäck et al., , 1990 . As a result, microbenthic metabolism below the macroalgae shifted to heterotrophic, whereas it remained autotrophic in the Control mesocosm. Similar results have been observed in cores with a macroalgal layer collected from an in situ experiment (Corzo et al., 2009 ). In the dark, water column O 2 in the +Macroalgae mesocosm decreased (Fig. 1B and C) as consequence of the respiratory activity of macroalgae (Astill and Lavery, 2001; Corzo et al., 2009 ). This decrease in water column O 2 was most likely responsible for the lower Rd rates of the sediment in the +Macroalgae mesocosm with respect to the Control (Fig. 2B) . The decrease of O 2 availability likely increased the fraction of organic matter being mineralised by anaerobic processes. However, we could not confirm this as we could not detect H 2 S in the anoxic sediment, a product of sulphate reduction, probably because it was buffered to very low levels by the relatively Table 2 Mean sediment content ± SE of organic carbon (C org ), total nitrogen (N) and C org :N in the Control and +Macroalgae mesocosms during the experiment (20 days, n = 12). Differences between the Control and the +Macroalgae mesocosms were significant in all cases (p < 0.01, t-test). high Fe content of the sediment from Cadiz Bay (Canfield et al., 1992; García-Robledo et al., 2008) . MPB cell abundances and chlorophyll concentrations were within the typical range found in situ (MacIntyre et al., 1996) . As expected, Chl a and cell abundance decreased below macroalgae compared to Control as a result of the inhibition of primary net production (Table 1) . Similarly, a decrease in sediment Chlorophyll a content in sediments affected by macroalgal blooms has been previously shown both in situ (McGlathery et al., 2001 ) and under decomposing macroalgae in mesocosms (García-Robledo et al., 2008) (Table 3 ). In addition, the two main groups of microphytobenthic organisms (diatoms and cyanobacteria) were differentially affected by the presence of floating macroalgae. We observed an important decrease in diatoms, being reduced to one third of the initial abundance under floating macroalgae. In contrast, Sundbäck and co-workers (1996) did not find a significant effect of floating macroalgae on benthic diatoms abundance (Table 3) . However, they also observed a reduction of diatom abundance in the Control sediment (without macroalgae), which could probably mask the possible effects induced by green macroalgae. Benthic cyanobacteria showed the opposite response to that of diatoms, their total abundance increased in the sediment affected by floating macroalgae (Table 1 ). The reduction of diatoms and the increase in cyanobacteria resulted in a shift, from a diatom-dominated community (D:C ratio = 1.7) to a cyanobacteria-dominated community (D:C ratio = 0.4) under floating green macroalgae, as previously shown under decomposing macroalgae (García-Robledo et al., 2008) (Table  3) . Benthic diatoms usually dominate in intertidal sediments due to a higher grazing resistance (Cahoon, 1999; Garcia de Lomas et al., 2005) . The reduction in grazing pressure in our experiment could have favoured cyanobacteria over diatoms. However, the relative increase of cyanobacteria below the macroalgal canopy was most likely due to the combination of their probably better adaptation to the light environment under macroalgae (Jorgensen et al., 1987) , their higher resistance to anoxic conditions than diatoms (Cohen et al., 1986; De Wit et al., 1988) and their higher capacity of using organic substrates (Stal and Moezelaar, 1997). 
Mean (%) ± SE
Effect of macroalgae on the carbon and nitrogen content of the sediment
The shift of benthic metabolism to heterotrophic in the presence of macroalgae promoted the consumption of the organic matter stored in the sediment, resulting in a reduction of C org and N below the macroalgal canopy (Table 2) . These results support the hypothesis that there is no significant mass transfer from healthy floating macroalgae to the sediment (Sundbäck et al., 1990) . The reduction was higher for nitrogen resulting in an increase to the C org :N ratio below the macroalgal canopy. This preferential reduction of sediment N was probably due to a higher mineralization rate of labile N-enriched organic matter (Canfield et al., 2005) and the suppression of photosynthetically driven N assimilation by MPB below the macroalgal canopy. In contrast, C and N content where higher in sediments covered with macroalgae in situ (Corzo et al., 2009; Pihl et al., 1999) . However, these studies looked into the senescence and degradation phase of the macroalgal bloom, where macroalgae become a source of organic matter for the sediment (García-Robledo et al., 2008; Owens and Stewart, 1983) .
Dynamics of inorganic nitrogen below the macroalgae mat
Freeze lysable inorganic nutrients of sediments are the sum of interstitial water and intracellular nutrients released during freezing. Benthic microalgae have been shown to be the major responsible of the latter fraction (García-Robledo et al., 2010) . As benthic microalgal abundance decreased below the macroalgae, it is unlikely that the observed transient increases in NH concentration in the pore water in the +Macroalgae mesocosms were due to an increase in the intracellular nutrient fraction.
The addition of macroalgae suppressed MPB photoautotrophic activity and growth and therefore reduced its N-demand; nevertheless, nutrient uptake can persist for several days in darkness (Rysgaard et al., 1993) . This resulted in a progressive increase in pore water DIN concentrations that peaked around days 3-6 (Fig. 3) , resulting probably to a higher DIN efflux to water column as well. Net ammonification rates followed the same trend, most likely as consequence of a decrease in NH þ 4 consumption by MPB rather than to an increase in NH þ 4 production from mineralization. An increase in mineralization rate below the macroalgal canopy is unlikely because we observed little changes or even a decrease in the O 2 consumption in the dark with respect to the Control (Fig. 2) . The increase of pore water NH þ ratio (Fig. 4A) . The transient accumulation of NO À 2 and NO À 3 in the pore water supported at the same time an increase of their net efflux rates to the water column and the increase of anaerobic reduction rates in the anoxic layer of the sediment. In our experimental conditions most of the anaerobic NO À 3 þ NO À 2 reduction rate represents denitrification as the other two processes contributing to this rate (Dissimilatory NO À x reduction to ammonium and Anammox) do not occur at significant rates in coastal sediments (Revsbech et al., 2006) .
Conclusions
Our results indicate that MPB biomass decreased below the macroalgal canopy as result of photosynthetic inhibition. Moreover, drifting macroalgae seems to favour a microalgal community shift from diatom-dominance to cyanobacteria-dominance.
As far as the biogeochemical effects are concerned, the model we propose is that during the firsts days after macroalgal addition, the sediment heterotrophic community mineralises OM with low C:N ratio releasing NH þ 4 (Canfield et al., 2005; Enríquez et al., 1993) and allowing an increase in nitrification rates. With no input of fresh organic matter to the sediment, sediment is progressively impoverished in N. In consequence, a lower amount of NH þ 4 is released by mineralization as progressively less labile OM is mineralised (Canfield et al., 2005) , decreasing net ammonification rates and NH Therefore, the hypotheses we propose are that the presence of a living macroalgal mat (1) induces a significant shift in the community composition of the microbenthic autotrophic community, (2) reduces the gross primary production of the MPB, (3) reduces overall benthic metabolism and in particular coupled nitrificationdenitrification rates. These hypotheses have to be tested in future replicated experiments at the appropriate scales in order to be able to assess more specifically the importance of these effects at an in situ scale. 
